By Johannes C.M. van der Loo, Cor van den Bos, Miranda R.M. Baert, Gerard Wagemaker, and Rob E. Ploemacher We have investigated the contribution of highly purified day-12 spleen colony-forming units (CFU-S-12) as well as more primitive cells to sustained blood cell production using in vivo and in vitro assays that allow frequency analysis. Normal or day-6 post-5-fluorouracil light-density bone marrow (BM) was sorted on the basis of differences in rhodamine-123 (Rh1231 retention or wheat germ agglutinin (WGA) affinity and tested in vivo using a recently developed a-thalassemic chimeric mouse model.
In addition, short-term and long-term clonal activity was assessed in vitro using a limiting dilution-type long-term BM culture, the cobblestone area forming cell assay. When sublethally irradiated a-thalassemic mice were transplanted with as many as 281 purified WGAbigM CFU-S-12, derived from a fraction containing 95# of all CFU-S-12 from day-6 post-5-fluorouracil lightdensity BM of wild-type mice, detectable chimerism was not observed at 6 months posttransplantation. In contrast, only three CFU-S-12 were included in the Rh123dYii and ATA FROM A VARIETY of physical sorting experiments have initiated a debate whether cells with in vivo long-term repopulating ability (LTRA) and day-l2 spleen colony forming units (CFU-S-12) belong to the same stem cell population or represent distinct and separable sub-LTRA and spleen colony forming ability have been reported to copurify at high enrichment levels in the population bearing the lineage (Lin) negative (CD4, CD8, Gr-l, Mac-l, TER-119)-Sca-l+ (Ly-6A/E+) Thy-1.1'" phenotype, implicating that they belong to the same s~b s e t . ' .~.~ In contrast, bone marrow (BM) populations purified by counterflow elutriation have been shown to induce long-term repopulation in vivo while being largely depleted of CFU-S activity.' Also, flow sorting on the basis of wheat germ agglutinin (WGA) affinity or rhodamine-l23 (Rh123) retention has proved to be a powerful tool to separate pre-CFU-S from CFU-S-12 quality.'o~'' Cells with marrow repopulating ability (MRA[CFU-S-131) or LTRA have been found to have a low affinity for WGA, whereas CFU-S-12 bind high levels of lectin." Using the supravital dye Rh123, CFU-S-8, CFU-S-l2 and cells with MRA[CFU-S-13] could subsequently be ordered on the basis of their decreasing mitochondrial activity.'*-I4 It has been shown that almost all CFU-S-12 stained brightly with Rh123, whereas 90% of the pre-CFU-S activity (determined as MRA[CFU-S-131) was contained in the 25%-most-dull p~pulation.'~.'~ These reports all show heterogeneity within the stem cell compartment and indicate that CFU-S activity and long-term repopulating ability are separable.
The present report was designed to separate and highly purify CFU-S-12 and primitive stem cells, and study their contribution to short and long-term repopulation using in vivo and in vitro assays. Light density BM was sorted using the differences in either Rh123 retention or WGA affinity. Also, BM from mice treated with 5-fluorouracil was used because it was reported to result in very high enrichments for stem cells when combined with sorting on the basis of WGA." However, using this BM, Rh123 was not able to WGAd'"' subpopulations that induced 29% to 58% and 219' 0 to 31% stable multilineage donor-type chimerism of erythrocytes and leukocytes, respectively. The Rh123d"" and WGAd'"' cells were up to 240-fold enriched for long-term repopulating ability (LTRA) as compared with unseparated BM. A comparable level of chimerism was found in the different hematopoietic organs and at the level of BM CFU-S-12. The frequency of the LTRA unit capable of inducing a 10% sustained level of donor-type erythrocytes was calculated to be 1 to 2 per 10' BM cells. Several reports have suggested that LTRA and spleen colony formation could be capacities of the same stem cell subset. However, the present results show that the majority of CFU-S12 have only short-term repopulating ability and are physically separable from more primitive stem cells with long-term multilineage reconstituting capacities.
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discriminate the stem cell populations as well as it did in untreated BM and therefore was not included. The repopulating ability of purified CFU-S-12 and a population highly enriched for primitive stem cells were analyzed in vivo using an &-thalassemic sex-mismatched chimeric mouse mode1,'6"8 and in vitro using a limiting dilution-type long-term BM culture, the cobblestone area forming cell-assay (CAFCa~s a y ) . '~-~' The transplantation model was evaluated by comparison of the enrichment for donor-type erythrocytes determined by FACScan analysis and nucleated blood cells determined by fluorescent in situ hybridization (FISH) using a murine Y chromosome-specific probe. In addition, lineage expression of the grafted LTRA cells was studied at 12 months after transplantation. Chimerism at the level of BM CFU-S-12 was further assessed by secondary transplantation.
and Immunology, Rijswijk, The Netherlands, under specific pathogen-free conditions and received acidified water and food pellets ad libitum. The Hba"+ mice from stock 352HB were originally obtained from Dr R.A. Popp (Oak Ridge National Laboratory, Oak Ridge, TN) and inbred into BALBlc mice by repeated back crossi~~g .~' . '~ In specific experiments, male BALBlc mice were injected intravenously with 150 mg 5-fluorouracil (Sigma, St Louis, MO) in phosphate-buffered saline (PBS) per kg body weight and subsequently killed by carbon dioxide inhalation at day 6 after injection.
Irradiation. One day before transplantation, a single dose of 3, 4, or 5 Gy total body irradiation (TBI) was given to a-thalassemic recipient mice at a dose rate of 0.73 Gylmin using two opposing '"Cesium sources. For CFU-S determination, female BALBlc mice received a single dose of 8 Gy at a dose rate of 1.04 to 1.06 Gyl min, 2 hours before grafting. Stromal layers were irradiated at confluency with a total dose of 20 Gy.
BM cell suspensions. Preparation of the BMC and buoyant density centrifugation using a discontinuous Ficoll-400 (Pharmacia Fine Chemicals, Uppsala, Sweden) gradient, was performed as previously described.1°.20 Cells with a density of 1.069 to 1.075 g/mL or 1.069 to 1.078 g/mL, from untreated or 5-fluorouracil-treated mice, respectively, were collected from the interphases, washed in PBS containing 5% fetal calf serum (FCS) and maintained on ice throughout the staining and purification procedure.
PuriJication procedure. Light-density BM cells were depleted of monocytes and granulocytes by magnetic-activated cell sorting (MACS) or fluorescence-activated cell sorting (FACS) using monoclonal antibody ER-MP20 (rat IgG2a).23 For magnetic sorting, cells were incubated for 30 minutes with biotinylated ER-MP20 followed by a streptavidin-conjugated phycoerythrin (SAV-PE; Caltag, South San Francisco, CA) diluted in PBS containing 0.01% sodium azide (PBS-SA). Antibodies and conjugates were titrated for optimal staining of mouse BM. The cells were then washed in PBS-SA containing 5 mmol/L EDTA (Titriplex 111; Merck, Darmstadt, Germany) and incubated for 15 minutes with a 1:100 dilution of biotinylated paramagnetic microbeads (Miltenyi Biotec, Bergisch-Gladbach, Germany), at a concentration of 1 to 2 X 10' cellslmL. After washing the cells in PBS-SA containing 5 m m o E EDTA and 1% (wt/vol) bovine serum albumin (BSA; Fraction V; Sigma, St Louis, MO), they were separated on the MACS column A2 (Miltenyi Biotec). The flow-rate was set at 0.08 to 0.10 mLlmin using a 27 Gauge X 'l8 in (0.42 X 22 mm) needle. The nonmagnetic ER-MP20-population was collected in PBS containing 5% FCS and maintained on ice. For separation by FACS, light-density BM cells were stained for 30 minutes with biotinylated ER-MP20 followed by SAV-PE in PBS-SA containing 5% BSA. The ER-MP2O-cells, obtained by either FACS or MACS, were further separated by FACS on the basis of Rh123 retention or affinity for WGA. Light-density BM cells from 5-fluorouracil-treated mice (LD/FUGdBM) were not separated using ER-MP20, but were directly labeled with WGA for further sorting. The cells were incubated for 30 minutes in PBS containing 5% FCS and 0.1 pg/mL Rh123 (Eastman Kodak, Rochester, NY) at 37T, or with 0. CAFC-assay. Long-term BM cultures were established in 96-well plates for limiting dilution analysis of CAFC as previously described.19." After irradiation the stroma was overlaid with 8 to 12 dilutions of the sorted or unseparated BMC, twofold apart, using 15 wells per concentration. The culture medium consisted of a-modified Dulbecco's modified Eagle's medium (Flow, McClean, VA) at 280 mOsmoVkg, containing m o w P-mercaptoethanol, mol/L hydrocortisone 21-hemisuccinate (Sigma), 2 mmoVL L-glutamine, IO" molL sodium selenite, 100 IUlmL penicillin, and 100 pg/mL streptomycin, supplemented with 20% horse serum. The wells were inspected every 2 to 3 days, between 3 and 35 days after inoculation, using a phase-contrast inverted microscope. Wells were scored positively if at least one cobblestone area was observed. The frequency of CAFC was calculated using the maximum likelihood solution.25.'h CFU-S assay. The content of CFU-S-12 in unseparated and sorted BM was determined by intravenous infusion into 8-Gy-irradiated BALBlc mice," using eight mice per group. At day 12, the mice were killed and the macroscopic colonies were counted after fixation of the spleens in Telleyesniczky's solution.
Peripheral blood chimerism. Groups of four to eight sublethally irradiated female a-thalassemic mice were intravenously injected with sorted or unseparated BMC from normal male BALBlc. Red blood cell (RBC) chimerism was determined by analyzing the forward light-scatter distribution of the normal and microcytic thalassemic erythrocytes using a FACScan flow cytometer (Becton Dickinson, San Jose, CA) as previously described.18,'8 Values below 5% donor-type RBCs did not statistically differ from zero because of variation in the calibration curve required for FACScan analysis of RBC chimerism." Nucleated blood cell chimerism was determined by fluorescent in situ hybridization (FISH) on blood smears of the sex-mismatched chimeric mice. The murine Y chromosome-specific probe M34,29.30 kindly provided by Dr L. Singh (Center for Cellular and Molecular Biology, Hyderabad, India), was labeled with biotin-16-deoxyuridine triphosphate (Boehringer-Mannheim, Mannheim, Germany) by nick translation. Slides were fixed for 10 minutes at room temperature in 100% methanol and stored dry at -20°C until further use. FISH was performed using a modification of the protocol of Pinkel et a13' as previously described.32 After hybridization, the cells were incubated with avidin-FITC (Vector, Burlingame, CA). The fluorescence signal was amplified with a biotinylated goat-antiavidin antibody (Vector) followed by a second incubation with avidin-FITC. The slides were then dehydrated in ethanol, dried, mounted with antifade medium,32 and stored at -20°C. The percentage of Y chromosome' cells was determined by counting 1 0 0 to 200 cells. False positive signals ranged between 1% and 2%.
Chimerism in hematopoietic organs and lineages. At 9 and 12 months after transplantation, individual recipient mice were studied for the organ distribution and extent of lineage expression of the donor stem cells. Monocytes and granulocytes were sorted from BM within a medium to high forward and perpendicular light-scatter window, using antibody ER-MP2O. B lymphocytes were sorted from the spleen using antibody RA3-6B2 (anti-B220)" and T-lymphocytes were directly harvested from the thymus. For FISH, approximately 2 X IO5 BMC, spleen cells, thymic lymphocytes or sorted cells were transferred onto slides and spread using a drop of serum. In addition, cytospin preparations of the sorted cells were stained with May-GriinwaldGiemsa for differential counting. BM CFU-S-12 chimerism was determined after transfer of 2 to 5 X IO4 BMC from eight individual chimeric mice into 8-Gy-irradiated female BALBlc recipients (groups of 10 animals). Individual spleen colonies were excised at day 12, suspended in PBS, fixed in methanol/ 25% (voUvol) glacial acetic acid and transferred onto slides. The percentage of donor-type colonies was determined by FISH.
RESULTS
Transient and persisting cobblestone area formation in the CAFC-assay. Light-density BM from untreated and 5-fluorouracil-treated mice was separated on the FACS using Rh123 or WGA, and tested for its short and long-term repop- ulating ability (STRA and LTRA) in vitro using the CAFCassay. Normal light-density BM was depleted of contaminating monocytes and granulocytes by MACS or FACS using antibody ER-MP20. From this LDER-MP20-population, the 10% most Rh123"gh', 10% most Rh123"" cells, and 4%
most WGAbngh' cells were sorted from within a light-scatter window as previously d e s~r i b e d '~* *~*~~ (Fig 1A) . Light-density day-6 post-5-fluorouracil BM (LD/FU,BM) was not further depleted of monocytes and granulocytes because the percentages of these cells were already low. The WGAb"gh' and WGAdim cells, sorted from LD/FU,BM, each comprised 6% of the nucleated cells" (Fig 1B) . The results show that both the Rh123"@" and WGAbrigh' subpopulations were 50-to 200-fold enriched for cells that gave rise to an early but transient cobblestone area formation at day 10 after inoculation (CAW-10); the in vitro equivalent to c~u -s -1 2~~. *~) . h contrast, the Rh123du" and WGAdm subpopulations showed persisting cobblestone area formation and were 250-to 300-fold enriched for late CAFC (CAFC-28/35) as compared with unseparated BM. This indicates that the in vitro short-1771 term and long-term repopulating ability can largely be separated using Rh123 retention or WGA affinity.
To investigate whether we had selected for subpopulations of short-term and long-term repopulating stem cells from light-density BM, the respective recoveries of the sorted populations were calculated from the CAFC data. The ER-MP20-population contained 95% to 100% of all early and late CAFC that were originally present in light-density BM (Fig 2) . The Rh123b"@" and WGAbngh' subpopulations represented 65% and 95%, respectively, of the early appearing CAFC from LDIER-MP20-BM. The IU1123~"" and WGAdim cells, sorted from LDER-MP20-and LD/FU,BM, respectively, comprised 40% to 50% of the late appearing primitive CAFC and only 5% to 10% of the original CAFC-10. These results together indicate that the sorted populations were representative for almost all STRA (including the CFU-S-12) and about half of the LTRA that were contained in the light-density populations. Apparently, about 50% of the LTRA was contained in the Rh123 and WGA-FITC intermediately staining cell populations that were not sorted in our procedure.
Transient andpersisting hematopoiesis in vivo.
The BM subpopulations that were tested in the CAFC assay were in parallel analyzed for their STRA and LTRA in vivo, using an a-thalassemic chimeric mouse model. Sorted and unseparated BMC, derived from normal male mice, were transplanted into groups of 3-, 4-, or 5-Gy-irradiated female a-thalassemic mice (4 to 8 animals per group). In the subse- For Rh123d"'L, or 1.700 WGA"'" cells resulted in sustained chimerism of approximately 40% to 70% donor-type RBCs (Figs 4 and 5) . These populations were 50 to 240 times enriched for in vivo longterm repopulating ability as compared with unseparated BM. In support of the in vitro data, these results show that also the in vivo STRA and LTRA have largely been separated. In addition, our observations indicate that the erythrocytic progeny of transiently repopulating cells can be measured up to 5 months after transplantation.
Analysis of the number of CAFC-IO. CAFC-28 and CFU-S-l2 injected per mouse. The contribution of CFU-S-12 and primitive hematopoietic stem cells in the different grafts to long-term repopulation was analyzed by comparing the number of CAFC-10, CFU-S-12 and CAFC-28 with chimerism at 6 months after transplantation ( Table 1) . Injection of 1,930 to 6,770 Rh123bnSh', or 3,700 to 4,700 WGAb"gfi' cells per mouse, containing low numbers of CAFC-28 but as many as 28 I CFU-S-12 and high numbers of CAFC-10, resulted in only short-term repopulation (Fig 4) . Injection of 670 to 2,000 Rh123""" cells, on the other hand, which contained low numbers of CAFC-IO (in one case even 0.7 CAFC-IO, equalling about 0.1 CFU-S-12 injected per mouse'") led to stable long-term repopulation ranging from 24% to 58% at 6 months after transplantation (Table 1 ). In addition, injection of 189 WGAd'" cells from LD/FU,BM, which contained 0.9 CFU-S-12, led to more than 10% donor-type repopulation in 50% of the mice (Table 2) , and more than 
40% repopulation in 17% of the mice injected (not shown).
Therefore, the data clearly show that long-term repopulation is independent of the number of CFU-S-12 injected and can be attributed to more primitive stem cells being Rh123du" and WGA*'".
In the present report the ratio between CAFC-10 and CFU-S-l2 varied from 2.0 to 9.7. This could be caused by intrinsic differences between individual stromal layers, or differences in the spleen-seeding efficiency of the sorted cells. Previously, a more extensive regression analysis has shown that 4.7 to 6.7 CAFC-IO were detected for each CFU-S-12.2' Using this particular transplantation model, the LTRA unit was defined as the number of male cells that has to be grafted to reach at least a sustained level of 10% level of sustained donor-type RBCs in 5-Gy-irradiated female a-thalassemic mice. Because of the limitations of both the RBC and WBC analyses (see Materials and Methods), a signal lower than 5% was not considered to be indicative of donor-type engraftment. Using Poisson statistics and limiting dilution analysis, the frequency of the LTRA unit in the 160-fold enriched LD/FUaWGAdim cells (Fig 5D) was calculated to be 1 in 412 (Table 2) .
FISH. To test the concordance of the FISH technique, 120 peripheral blood slides were prepared from the same sex-mismatched chimeric mouse and stored at -20°C. Groups of slides were. subsequently processed in three different FISH sessions. The y probe was derived from the six different nick-translation batches that we had used in our experiments in the past 2 years. Series of 100 as well as 200 cells were counted, some by two independent observers. Variance analysis and t-statistics (data not shown) showed no significant differences between: (1) the different y-probe 
Comparison of the enrichment for LTRA in vitro and in vivo.
To compare the enrichments of the sorted populations over unseparated BM, determined in vitro and in vivo, data from different experiments were combined. The percentage of donor-type nucleated cells was determined using FISH on blood smears at 2, 4, and 6 months, and also in one experiment at 9 months after transplantation. Linear-regression analyses showed a high and significant correlation between the enrichment for CAFC-28135 in vitro, and donortype RBCs and nucleated blood cells in vivo (Fig 6) , supporting our earlier findings." Data at 4 months after transplantation (Fig 6, A and B) also showed that the enrichment for RBC and nucleated blood cell chimerism correlated strongly. The correlations at 2, 6, and 9 months gave similar results (not shown). Therefore, the results indicate that RBC chimerism can be used to determine the LTRA of a graft in vivo as of 2 months after transplantation. The use of a-thalassemic mice reduced the time required for analyzing 100 samples from almost 4 days, which was required for FISH, to less than 1 hour for FACScan analysis of the peripheral RBCs. The method also provides a direct way to determine chimerism without the need for previous immunochemical or biochemical staining.28 This makes the model extremely suitable for studying long-term repopulation using large groups of mice.
Multilineage donor-type reconstitution.
In addition to the repopulation in the RBC compartment, chimerism was also determined in the major hematopoietic organs and dif- ferentiation lineages of individual mice. This was done at 9 and 12 months after transplantation of 3 X 10' unseparated BMC, 670, or 1,700 LDER-MP20-Rh123dU" cells (Tables  3 and 4) . Microscopic inspection of the May-GriinwaldGiemsa-stained cytospin preparations of the sorted monocytes and granulocytes proved them to be more than 95% pure (not shown). Peripheral blood cell chimerism, induced by unseparated BMC or Rh123d"" cells, was present in all lineages, whereas its level was comparable with that in most hematopoietic organs. The selective advantage of the erythroid repopulation has been described previously.18 CFU-S-l2 chimerism and nucleated blood cell chimerism were of the same magnitude ( Table 3 ). The present results indicate that the LTRA cells, acquired by buoyant density centrifugation and sorting on the basis of their low Rh123 retention, were qualitatively comparable with the LTRA cells in unseparated BM and gave rise to a stable long-term multilineage donor-type reconstitution.
DISCUSSION
The present results clearly show a lack of LTRA activity in vivo and in vitro in the populations 50-to 200-fold enriched for CFU-S-12 using Rh123 or WGA. The sorted Rh123b"gh' and WGAbnph' cells represented 65% and 95%, respectively, of all CFU-S-12 (CAFC-10) that were originally present in pre-enriched light-density BM. It has been previously reported that CFU-S are unable to maintain hematopoiesis in long-term BM cult~re.~'?~' In the CAFC-assay, Rh123"ngh' and WGAbngh' sorted cells gave rise to an initial Between brackets the number of male colonies per total number of spleen colonies analyzed. The SE of the proportion was approximated on the assumption of normally distributed data. RBC chimerism was determined by FACScan analysis. Other data were generated using FISH.
but short-lived hematopoietic b~r s t . " -' * '~.~~.~~ Injection of as many as 281 WGAbngh' CFU-S-12 in sublethally irradiated mice, equal to a calculated 2,800 CFU-S-12 (corrected for a 10% seeding efficiency), did not result in any significant repopulation beyond 4 to 5 months after transplantation. In contrast, the populations that were 160-to 240-fold enriched for LTRA ( Fig 5) were severely depleted of CFU-S-12 activity. Injection of 670 to 2,000 Rh123d"" or 200 to 500 WGAdim cells with extremely low numbers of CFU-S-12 induced sustained chimerism (Table 1) . In one experiment, CFU-S-12 numbers approximated 0.1 injected per mouse. Chimerism involved all hematopoietic organs and lineages tested, including the BM CFU-S-12 as determined in secondary recipients, indicating that our sorting procedure enriched for LTRA subsets with similar multilineage expression ability as have LTRA cells in unseparated BM. Therefore, the results imply that hematopoietic stem cells contain a distinct stem cell subset with LTRA that can be separated physically from the vast majority of CFU-S-12. Although the data make it likely that LTRA stem cells have pre-CFU-S properties, we do not exclude that some LTRA cells may form a spleen colony. Partial or total separation of LTRA from CFU-S has been reported earlier using plastic-adherence or counterflow elutriati~n.~.~' However, final enrichment levels for the respective hematopoietic stem cell populations were lower than presently reported. Frequency analysis of the plastic-adherent BMC, containing 30% of the long-term repopulating stem cells as detected by competitive repopulation in lethally irradiated animals, showed about equal numbers of CFU-S-12 and LTRA.38 The graft that induced long-term engraftment still contained 15 CFU-S-12, whereas we observed long-term repopulation with only 0.1 to 3.1 CFU-S-12 injected per animal.
Previously, the population of Thy-1.1'" Lin-Sca-1 + cells has been thought to comprise stem cells purified to almost unit efficien~y.l~~***~~ These cells have been attributed with the capacity to protect lethally irradiated animals as well as provide short-term and long-term repopulation. However, it was recognized that most of the Thy-l . l'" Lin-Sca-l' cells possessed STRA, with only a minority being true LTRA cells6 The number of CFU-S-12/13 in the Lin-Sca-l+ population, calculated from their frequency of 1 in 21 cells, comprised almost 50% of the p o p~l a t i o n .~'~' Further analysis of the phenotype of the Lin-Sca-l+ cells, using several lectins and antibodies, showed a heterogeneity for Thy-l expression, WGA affinity, and Rh123 r e t e n t i~n .~~.~.~' Although Lin-Sca-1 + cells contained functionally different Rh1 23'" and Rh123"&' subpopulations; responding differently to hematopoietic growth factors4*; the use of neither Rh123 nor * 3 x IO5 unseparated BMC (NBMC) or 1,700 Rh123'"" cells sorted from light-density ER-MP2O-BM cells were transplanted in 5-Gy-irradiated mice. Monocytes and granulocytes were sorted from BM using ER-MP20, B cells using RA3-6B2 (anti-B220). T cells were harvested from the thymus without sorting. RBC chimerism was determined by FACScan analysis. Other data were generated by FISH.
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For personal use only. on October 26, 2017. by guest www.bloodjournal.org From Thy-l allowed for a separation of CFU-S activity from LTRA.R*39*42 However, analysis of the fluorescence profile of Lin-Sca-1' cells labeled with WGA showed a clearly distinguishable large peak of WGAb"gh' cells,4o comprising about 50% of the population at a fluorescence level characteristic for CFU-S-12 in our laboratory. The remaining 50% WGAdi" cells appeared highly similar to our definition of LTRA cells, a population depleted of CFU-S-12.'0 Therefore, this observation suggests that the Thy-l. l'" LinSca-1' population could be divided into two subpopulations containing either WGAbrigh' CFU-S or the more primitive WGAdim non-CFU-S LTRA cells, using the criteria applied in the present study.
The enrichment for LTRA in vivo correlated strongly with the enrichment for the CAFC-28/35 in vitro, as did the enrichments for CFU-S-12 and CAFC-10 (data not shown). This supports earlier findings that the CAFC-assay can be used as a tool for the simultaneous and quantitative assessment of populations with STRA as well as LTRA.'n,20 Using either competitive repopulation or the CAFC-assay, the frequency of the LTRA cell in marrow has been estimated to range from 0.5 to 2.5 per lo5 normal BMC.7.'0,4'.44 In the present study, using sublethally irradiated a-thalassemic recipients in a sex-mismatched transplantation setting, the frequency of the in vivo LTRA cell could not be determined directly, but was estimated by defining the number of cells capable of inducing a sustained level of 10% donor-type RBCs as an LTRA unit. For the 160-fold enriched LD/FUm WGAdim population (Fig 5D) , the LTRA unit was calculated to contain 412 cells. Therefore, the frequency of the LTRA unit in unseparated BM approximated 1 to 2 per lo5 cells, which is in agreement with previous estimates of in vivo LTRA cells in different mouse model^.^,'^,^"^^ At 12 months after transplantation of 1,700 Rhd"" cells, containing 2 to 3 LTRA units, clear differences can be seen in their contribution to the monocytic and granulocytic lineages in individual mice (Table 4) . Such a segregation of monocytic and granulocytic lineage expression has been observed earlier using retrovirally marked stem cell clones. 45 It was suggested that in addition to the stochastic mechanisms operating at the level of stem cell commitment, lineagespecific demands might influence the clonal expansion of particular lineages by microenvironmental and humoral fact o r~.~"~' Also, the percentage of donor-type cells in the thymus, which varied considerably when compared with the other hematopoietic tissues (Table 3) , might be influenced by these mechanisms. The presence of intra-thymic longlived T-cell clones and/or a shift in the relative proportion of donor-type cells during involution of the thymus may have played an additional role. Therefore, the contribution to the T-cell lineage might temporarily differ from the expression in other lineages.
In summary, we achieved a stringent separation of CFU-S activity from stem cells that are capable of inducing a stable long-term multilineage reconstitution of sublethally irradiated mice. Both as determined in vitro and in vivo, LTRA cells were 160-to 240-fold enriched as compared with unseparated BM. A highly enriched population of CFU-S-12, on the other hand, only contributed to repopulation in the first months after transplantation. This transient role of CFU-S in repopulation has also been suggested by other investigator^.^^.^' The spleen colony-forming cells could be held responsible for the strong short-term clonal fluctuations observed in retroviral transfection experiments in the first 4 to 6 months after tran~plantation.~"~~.~' Therefore, to study the early clonal engraftment of the LTRA cells, separation from CFU-S populations is desirable. Such a report on the in vivo behavior of the LTRA cells could eventually provide clues to design more effective protocols for gene therapy.
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